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Abstract 
Environmental samples were collected at three surface water sites between 5/21/2011 and 
11/21/2014 along the Upper Boulder River near Boulder Montana.  The sites were located at 
Bernice (within the mountain block), near the High Ore drainage (near the mountain block/basin 
transition), and at the USGS Gauging Station near Boulder, Montana (within the basin).  The 
parameters measured in the field were SC, temperature, and alkalinity with occasional pH 
measurements.  We collected samples for anions, cations, and stable isotopes in the catchment.   
We identified endmembers by sampling snow and groundwater and determined from available 
data an approximate endmember for rain, snow, and groundwater. We used temporal and spatial 
variations of water chemistry and isotopes to generate an endmember mixing model.    
Groundwater was found to always be an important contributor to river flow and could increase 
by nearly an order of magnitude during large snowmelt events.  This resulted in groundwater 
comprising ~20% of total river flow during snowmelt at all sites. At peak snowmelt we observed 
that near surface water contributions to the river were from a mixture of rain and snow.  Soil 
water, though not sampled, was hypothesized to be an important part of the hydrologic story. If 
so, the endmember contributions determined in this study may be different. Groundwater may 
have the highest variation depending on water chemistry of shallow soil water.  
 
 
 
 
 
 
 
 
 
 
Keywords: EMMA, Isotopes, δ18O, δD, Mixing Models, Source Water, Geochemical 
Separation, Spatial Variations, Temporal Variations. 
iii 
Dedication 
To my Grandfather, William Morrison, for all of the wonderful stories and memories of long 
summers in Montana that never seem to end . . . 
iv 
Acknowledgements 
Dr. Glenn Shaw (Thesis Advisor) 
Dr. Chris Gammons (Committee Member) 
Dr. Beverly Hartline (Committee Member) 
Mr. Andy Bobst (Committee Member) 
Tyler Swant (Sampling 2011) 
Dr. Mary McLaughlin (Head of Montana Tech Undergraduate Research Committee) 
Halliburton and NASA EPSCoR (Montana Tech Undergraduate Research Funding) 
Montana Seed Grant Program 
Kaleb Scarberry (Map of Butte North) 
 
 
v 
Table of Contents 
ABSTRACT ................................................................................................................................................ II 
DEDICATION ........................................................................................................................................... III 
ACKNOWLEDGEMENTS ........................................................................................................................... III 
TABLE OF CONTENTS ................................................................................................................................ V 
LIST OF TABLES ...................................................................................................................................... VII 
LIST OF FIGURES ...................................................................................................................................... IX 
LIST OF EQUATIONS ............................................................................................................................... XII 
1. INTRODUCTION ................................................................................................................................. 1 
2. STUDY AREA – OVERVIEW ................................................................................................................... 3 
2.1. Study Area – Geology ......................................................................................................... 5 
3. FIELD METHODS ................................................................................................................................ 9 
4. ANALYTICAL METHODS ..................................................................................................................... 12 
4.1. Precipitation Sample Determination ................................................................................ 12 
4.2. Mixing Analysis ................................................................................................................ 13 
5. RESULTS ......................................................................................................................................... 14 
5.1. River Specific Conductivity................................................................................................ 18 
5.2. Spatial and Temporal Variations in Isotopes.................................................................... 21 
5.3. Precipitation Inputs .......................................................................................................... 23 
5.4. Water Chemistry .............................................................................................................. 28 
5.5. Stable Isotopes ................................................................................................................. 32 
6. ENDMEMBER IDENTIFICATION AND MIXING PROCESS .............................................................................. 34 
7. CONCLUSIONS ................................................................................................................................. 48 
WORKS CITED ........................................................................................................................................ 50 
vi 
APPENDIX A: FIELD PARAMETERS AND ISOTOPES .................................................................................. 55 
APPENDIX B: ANIONS ............................................................................................................................. 58 
APPENDIX C: CATIONS ........................................................................................................................... 60 
APPENDIX D: ALKALINITY ....................................................................................................................... 63 
APPENDIX E: NA-CL RATIOS ................................................................................................................... 64 
APPENDIX F: GROUNDWATER CHEMISTRY VALUES ............................................................................... 65 
APPENDIX G: SNOTEL DATASET BREAKDOWN ....................................................................................... 67 
APPENDIX H: PRECIPITATION CHEMISTRY .............................................................................................. 68 
APPENDIX I: SITE LOCATIONS ................................................................................................................. 69 
  
vii 
List of Tables  
Table I: Summary table of isotopes, alkalinity, and water quality parameters. Surface water, 
groundwater, and snow data are from field data collected from project. Precipitation data 
values are from Gammons et al. 2006. Order for surface water sites is upstream to 
downstream. ...........................................................................................................16 
Table II: Breakdown of precipitation source waters for Rocker Peak, Tizer Basin, and Frohner 
Meadow SNOTEL Sites in the Upper Boulder River Drainage. Values for Snow are as 
snow water equivalent (SWE) ...............................................................................23 
Table III: Endmembers ......................................................................................................37 
Table IV: Bernice field parameters and isotopes (δD and δ18O) .......................................55 
Table V: High Ore field parameters and isotopes (δD and δ18O) ......................................56 
Table VI: USGS field parameters and isotopes (δD and δ18O) .........................................57 
Table VII: Bernice anions ..................................................................................................58 
Table VIII: High Ore anions ..............................................................................................58 
Table IX: USGS Gauging Station anions ..........................................................................59 
Table X: Bernice cations ....................................................................................................60 
Table XI: High Ore Cations ...............................................................................................61 
Table XII: USGS cations ...................................................................................................62 
Table XIII: Well 53488 groundwater chemistry ................................................................65 
Table XIV: Well 163982 groundwater chemistry .............................................................65 
Table XV: Well 265184 groundwater chemistry ...............................................................66 
  
viii 
Table XVI: Well 266999 ...................................................................................................66 
Table XVII: NADP Site MT07 precipitation information 2011-2013 ..............................68 
Table XVIII: Sampling site coordinates (Datum WGS84) ................................................69 
 
  
ix 
List of Figures  
 
Figure 1: Map showing sampling sites, cities, and SNOTEL Site locations. Sampling site 
coordinates are in Appendix I ..................................................................................6 
Figure 2: Upper Boulder River drainage basins with labeled creeks, yellow lines are drainages.
..................................................................................................................................7 
Figure 3: Map showing the geology of the Upper Boulder River with simplified Geology (Vuke 
et al., 2015). White area is unmapped. .....................................................................8 
Figure 4: Site Map with Well Locations ............................................................................11 
Figure 5: Isotope samples plotted against meteoric water line ..........................................17 
Figure 6: SC vs Flow USGS Gage Station. .......................................................................18 
Figure 7: SC Values for groundwater wells sampled by the USGS (Caldwell et al., 2013)20 
Figure 8: Comparison of δD, δ18O, SC (μS/cm) (surface water), and Flow Monitored at the 
USGS Gaging Station near Boulder, Montana. .....................................................22 
Figure 9: SNOTEL Dataset for Rocker Peak over the water years where sampling took place.
................................................................................................................................24 
Figure 10: Precipitation Accumulation (mm) from the weather station in Boulder, Montana. WY 
stands for water year. .............................................................................................25 
Figure 11: Average precipitation by drainage and area in the year 2011 for the months of 
October, November, December, January, February, and March. Values on the map are in 
mm (PRISM). .........................................................................................................26 
Figure 12: Relationship between river flow and precipitation events at the USGS Gaging Station. 
Flow is in L/s, Precipitation is in mm and is taken from SNOTEL Data on Rocker Peak.
................................................................................................................................27 
x 
Figure 13: Major Anion Concentrations in river water. Data represents almost a complete water 
year with last two months of data not analyzed. Nitrate was not included. Sampling dates 
are from 5/21/2011 through 2/21/2012 (Appendix B). ..........................................29 
Figure 14: Major Cations in river water over water record for sodium (Na), potassium (K), silica 
(Si). Sampling dates are from 5/21/2011 through 9/5/2013 (Appendix C). ..........30 
Figure 15: Major Cations in river water over water record for calcium (Ca) and magnesium 
(Mg). Sampling dates are from 5/21/2011 through 9/5/2013 (Appendix C). ........31 
Figure 16: All site data plotted against the meteoric water line to include groundwater, average 
groundwater (Avg GW), snow, MWA Snow, MWA rain, and all river samples. .33 
Figure 17: δD plotted against SC for all samples collected ...............................................35 
Figure 18: δ18O plotted against SC for all samples collected ............................................35 
Figure 19: All surface water samples plotted with δD and SC with the groundwater endmembers 
plotted. ...................................................................................................................38 
Figure 20: All surface water plotted with δ18O and SC with groundwater, snow, and rain 
endmembers plotted on the chart. ..........................................................................38 
Figure 21: δD model with lateral throughflow ..................................................................40 
Figure 22: δ18O model with lateral throughflow ................................................................40 
Figure 23: Endmember mixing model using δD ................................................................43 
Figure 24: Endmember mixing model using δ18O .............................................................44 
Figure 25: Hydrograph separation using δD ......................................................................45 
Figure 26: Hydrograph separation using δ18O ...................................................................46 
Figure 27: Alkalinity in the Upper Boulder River .............................................................63 
Figure 28: Ratio Na-Cl for three surface water sites over the water year ..........................64 
xi 
Figure 29: Snotel Dataset for Frohner Meadow over the water years where sampling took place. 
Accumulated snowmelt is sometimes in excess of accumulated precipitation for the 
dataset. ...................................................................................................................67 
Figure 30: Snotel Dataset for Tizer Basin over the water years where sampling took place. 
Accumulated snowmelt is sometimes in excess of accumulated precipitation for the 
dataset. ...................................................................................................................67 
  
xii 
List of Equations 
Equation (1) .......................................................................................................................13 
Equation (2) .......................................................................................................................13 
Equation (3) .......................................................................................................................13 
Equation (4) .......................................................................................................................13 
Equation (5) .......................................................................................................................13 
Equation (6) .......................................................................................................................13 
Equation (7) .......................................................................................................................13 
Equation (8) .......................................................................................................................13 
 
  
1 
1. Introduction 
As demand for water resources increases in the semi-arid and arid Western United States, 
the interest in available water also increases due to a growing need for better water management 
practices. Part of understanding the available quantity of water in a catchment involves 
understanding the mixing and interactions of source waters; for example: groundwater, 
rainwater, snowmelt, and soil water (Liu et al., 2004; Shaw et al., 2014). Groundwater 
contributions to streams are difficult to quantify but are known to change by one or two orders of 
magnitude in mountain catchments (Liu et al. 2004; Shaw et al., 2014). Traditional studies of 
subsurface hydrology have been more focused on groundwater resources in the valleys in part 
because populations in mountains are smaller (Shaw, 2009). Studies characterizing the amount of 
groundwater present in mountain block river systems, and groundwater/surface water 
interactions in Montana are few, and this investigation intends to provide a baseline 
characterization of a mountain catchment in the Western Rocky Mountains of Montana.  
The Upper Boulder River near Boulder, Montana is a small perennial river that serves as 
a primary source of irrigation water for the Boulder River Valley from Boulder, Montana to 
Cardwell, Montana (Carlson, 2013; Bobst et al., in review). As in many catchments in Montana, 
there is rarely enough water available to meet all irrigation demands. The water in the Boulder 
River is over-allocated, meaning that human demands on the river are in excess of the physically 
available water, and substantial portions of the river run dry most years.  
Studies on the Boulder River have focused specifically on the quality of water in the 
catchment (USGS Professional Paper 1652; Farag et al., 2003; Farag et al., 2004; Gelinas et al., 
2004; Farag et al. 2006; Caldwell et al., 2013) and water quantity and managed recharge with an 
MBMG groundwater model of the Boulder Watershed (Carlson, 2013; Bobst et al., in review). 
2 
The USGS has investigated the amount of radiogenic isotopes and looked critically at 
groundwater in the Upper Boulder River Catchment (Caldwell et al., 2013). Other groundwater 
investigations include the Montana Groundwater Assessment Program which has performed long 
term monitoring in the Upper Boulder Catchment. This study is the first to investigate on a 
seasonal, spatial, and temporal level, groundwater and surface water interactions in the Upper 
Boulder River using stable isotopes (δ18O and δD). 
Three sampling sites were selected on the Upper Boulder River for monitoring from 2011 
to 2014. The focus on the sampling was to investigate groundwater and surface-water 
interactions in the river and to compare mountain catchments to basins. Source waters were 
chemically identified for the catchment and the relative quantity of each source water was 
calculated. The relationships between source waters were identified and spatial variations of 
source waters were characterized.  
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2. Study Area – Overview 
The Upper Boulder River has an extensive mining history (USGS Professional Paper 
1652-A, Church et al., 2007). The quality of water in Basin Creek, near Basin, Montana, and 
High Ore Creek, near Boulder, Montana has been studied by the USGS to determine the effect of 
mining on the catchment and the effectiveness of water remediation techniques (USGS 
Professional Paper 1652-A; Farag et al., 2003; Farag et al., 2004; Gelinas et al., 2004; Martin, 
2004; Nimick et al., 2004; Farag et al., 2006). Detailed tracer injection studies have taken place 
in the Basin Creek drainage looking at cadmium loading and other constituents (Kimball et al., 
2004). Substantial geophysical investigation has taken place in the Basin Creek Drainage to 
include aerial mapping of linear fractures and electromagnetic surveying (Kimball et al., 2004; 
McCafferty et al. 2004). The metal concentrations in fish and the impact of historic mining on 
trout has also been investigated thoroughly in the High Ore Drainage (Farag et al., 2003; Kimball 
et al., 2004; Farag et al., 2004; Farag et al., 2006).  
The Upper Boulder River Basin upstream of the USGS Gaging Station near Boulder, 
Montana (Station ID 06033000) has an area of  981 Km2 (381 mi2)(USGS 2015). Three towns 
are located in the study area. They are: Boulder; with a population of 1194 (2010 Census); Basin, 
with a population of 255 (2000 census); and Bernice, with no recorded population total.  
 Elevations in the study area span from 1325m (4350ft) to about 2856m (9400ft) (USGS 
DEM).  In areas of steep topography, elevations change by around 300m (1000ft) over 2.5km 
(1.55miles) (USGS DEM). Many streambeds in the catchment are rocky, and tend to flow over 
soils that are immature and weathered from the source rock material. Soils in the mountain block 
tend to contain substantial quartz and mica.  
4 
The three monitoring locations selected represent different hydrologic environments 
(Figure 1). Bernice generally can be considered a shallow sediment filled mountainous valley 
with a sediment thickness of about 18.3m (60 ft.) The High Ore site is underlain with mountain 
bedrock, and the USGS Gaging Station is located in a wide valley with thick basin fill sediments 
(Figure 1) 
There is a substantial change in the character of the Boulder Valley at the canyon mouth 
near the town of Boulder. Downstream of the mouth there is substantial agricultural activity in 
the form of hay cultivation. Localities upstream of the river mouth tend to be used for either the 
grazing cattle or timber production. Valley fill could be as thick as 300m (1000ft) south and east 
of the city of Boulder, Montana (Carlson, 2013). 
The mountains to the north of Basin receive the most precipitation, (PRISM; 
http://www.prism.oregonstate.edu/) with the quantity of precipitation evenly split between rain 
and snow (SNOTEL Dataset, Rocker Peak Gauging Station; 
http://www.wcc.nrcs.usda.gov/snow/). Precipitation ranges from as low as 10mm of precipitation 
in a month to as high as 150mm of precipitation in a month. The highest values for precipitation 
occur in April and May, and lowest values occur in July, August, and September.  Expected 
precipitation for the remaining months is 50-80 mm of precipitation.  
River flows are influenced by snowmelt events with flow changing by approximately two 
orders of magnitude. Baseflow in the river, using average monthly flow is about 850 L/s (30cfs). 
The river flow at snowmelt is higher and has an average flow of 13,300 L/s (470cfs). Generally 
river flow remains steady through baseflow though occasional large rain events cause flow to 
increase. Small precipitation events after snowmelt do not appear to affect river flow as much. 
5 
There are very few lakes in this watershed with only two small reservoirs near the headwaters of 
the river.  
The Boulder River has six perennial tributaries that join the river between Bernice and 
the USGS Gaging Station (Figure 2). Many of these tributaries have been investigated by the 
USGS for mine water influences (Gelinas et al., 2004; Farag et al., 2006). From upstream to 
downstream, these drainages are the following: Bison Creek, Red Rock Creek, Basin Creek, 
Cataract Creek, High Ore Creek and Muskrat Creek. All streams flow from the north except for 
Bison Creek which flows from the west. The Little Boulder River joins the Boulder River 
downstream of the USGS Gaging Station. 
2.1. Study Area – Geology 
There are three major geologic units in the study area (Figure 3): the Elkhorn Mountain 
Volcanics, the Lowland Creek Volcanics, and the Boulder Batholith. The Elkhorn Mountain 
Volcanics are characterized by “light gray to dark gray, grayish red, greenish gray, and brown 
mostly andesitic to latitic welded tuff and tuff breccia, tuff, lapilli tuff, lava flows, flow breccia, 
and related hypabyssal intrusive rock. Subordinate quartz latitic welded tuff and basalt flows” 
(Vuke et al., 2007). The Lowland Creek Volcanics are characterized by “quartz latite flows, 
quartz latite welded tuff and tuff breccia, and basal conglomerate with tuffaceous debris that 
increases upward (Vuke et al., 2007). The Boulder River Watershed is underlain by the Late 
Cretaceous Butte Pluton of the Boulder Batholith which is coarse grained granite (Ruppel, 1963). 
Fractures in the Boulder Batholith close with depth and become tight at depths greater than 15m 
(50ft) (McDougal et al., 2004). It is reasonable to assume that a substantial portion of 
groundwater flow in the catchment is closer to the surface. 
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Figure 1: Map showing sampling sites, cities, and SNOTEL Site locations. Sampling site coordinates are in 
Appendix I 
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Figure 2: Upper Boulder River drainage basins with labeled creeks, yellow lines are drainages. 
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Figure 3: Map showing the geology of the Upper Boulder River with simplified Geology (Vuke et al., 2015). 
White area is unmapped. 
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3. Field Methods 
The three monitoring sites, Bernice, High Ore, and the USGS were sampled monthly or 
bi-monthly beginning in May of 2011 (Figure 1). Samples were analyzed for temperature, 
specific conductance (SC), pH, major ions (Na+, K+, Ca2+, Mg2+, Cl-, NO3-, SO42-), alkalinity, 
and stable isotopes of the water molecule (δ18O and δD). SC and temperature were measured in 
the field using a WTW 340i water quality meter. The SC meter was calibrated using a 
1,280μS/cm standard. Alkalinity was measured in the field using an Alkalinity Reagent Set and a 
Digital Titrator from Hach. pH measurements were made in the field when a pH probe was 
available. At each site an SC profile of the river was taken to confirm the assumption that the 
river was well mixed and this was checked every other year. Since the river appeared well 
mixed, grab samples were taken at sampling locations. Samples were taken in HDPE clear 30ml 
plastic bottles and were either put on ice or stored in a cooler depending on ambient air 
conditions. All samples with the exception of the first year of isotope samples were filtered 
through a syringe-type trace metal grade 0.2μm filter. Cation samples were acidified with 600μL 
of trace metal grade HNO3 within one month of sampling. All samples were stored at 5°C until 
analyses were completed.  
Four wells were sampled (Figure 4). One well is in Bernice, Montana (Ground Water 
Information Center (GWIC) ID 53448), one well is in Basin, Montana (GWIC ID 169382), one 
well is east of Boulder, Montana (GWIC ID 265184), and one well is to the northeast of Boulder 
(GWIC ID 266999). GWIC is the database used by the State of Montana for well logs and 
groundwater well information. Three of the four wells were purged a minimum of three well 
volumes before sampling and parameters had stabilized. The well located to the northeast of 
Boulder (GWIC ID 266999) could not be purged for three well volumes due to pump failure and 
10 
so a sample was bailed from the well. About one well volume was pumped from this well, but 
water quality parameters had stabilized prior to sampling. Wells were sampled for δD and δ18O 
exclusively. 
Snow water was sampled at three locations in the study area on March 8th, 2014. The 
snow samples were taken along the bank of the river at the USGS Gaging Station, the Bernice 
Site, and about 1.5 miles upstream of the High Ore Site. Snow samples were taken from the 
entire snowpack, and do not represent a single snow event. Snow samples were taken by using a 
small handheld shovel to dig a vertical hole into an undisturbed bank and then were collected in 
one quart plastic bags. Snow samples were analyzed for δD and δ18O and SC was measured. 
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Figure 4: Site Map with Well Locations 
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4. Analytical Methods 
Stable isotopes (δD and δ18O) sampled from 5/21/2011 through 2/20/2012 were analyzed 
at the University of Wyoming Stable Isotope Laboratory using a Los Gatos Liquid Isotope 
Analyzer. Stable isotope samples from 3/3/2012 through 11/21/2014 were analyzed at the 
Montana Bureau of Mines and Geology Analytical Laboratory using a Picarro Water Isotope 
Analyzer. Cations were analyzed at the University of Montana Environmental Biogeochemistry 
Laboratory using Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES)(EPA 
Standard 200.7). Anions were analyzed with the Montana Tech Department of Chemistry Dionex 
Ion Chromatograph (IC). 
4.1. Precipitation Sample Determination 
Precipitation isotope data was not sampled routinely for this study. A complete record of aerial 
precipitation isotopes (δD and δ18O) is available for the city of Butte, Montana, 35 miles away 
from our sampling sites on the Boulder River (Gammons et al. 2006). Some altitude effect will 
likely affect precipitation isotopes, but by comparing snow samples taken to isotope data from 
Butte; this allows an estimation of the isotopic composition of precipitation. The average isotopic 
composition of rain and snow was determined from the mean weighted average of Butte 
precipitation isotopes (Gammons et al., 2006). 
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4.2. Mixing Analysis  
The mathematical development for a three end-member mixing model, based on the mass 
balance for water and tracers is as follows, using the fraction of streamflow discharge: 
𝑓1 + 𝑓2 + 𝑓3 = 1 (1) 
 
𝐴1𝑓1 + 𝐴2𝑓2 + 𝐴3𝑓3 = 𝐴𝑠 (2) 
 
𝐵1𝑓1 + 𝐵2𝑓2 + 𝐵3𝑓3 = 𝐵𝑠 (3) 
 
 
f represents the fraction of total stream discharge for each endmember and A and B 
represent tracer compositions. Subscripts 1, 2, and 3, represent the three endmembers in the 
mixing model and subscript “s” represents the three endmembers in the stream. Solutions are 
determined by introducing a matrix and finding the determinant of the matrix. 
𝐷 = [
1 1 1
𝐴1 𝐴2 𝐴3
𝐵1 𝐵2 𝐵3
] (4) 
 
[𝐷] = −𝐴2𝐵1 + 𝐴3𝐵1 + 𝐴1𝐵2 − 𝐴3𝐵2 − 𝐴1𝐵3 + 𝐴2𝐵3 (5) 
 
𝑓1 =
1
[𝐷]
[(𝐴2𝐵3 − 𝐴3𝐵2) + (𝐵2 − 𝐵3)𝐴𝑠 + (𝐴3−𝐴2)𝐵𝑠] (6) 
 
𝑓2 =
1
[𝐷]
[(𝐴3𝐵1 − 𝐴1𝐵3) + (𝐵3 − 𝐵1)𝐴𝑠 + (𝐴1 − 𝐴3)𝐵𝑠] (7) 
 
𝑓3 =
1
[𝐷]
[(𝐴1𝐵2 − 𝐴2𝐵1) + (𝐵2 − 𝐵1)𝐴𝑠 + (𝐴2 − 𝐴1)𝐵𝑠] (8) 
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5. Results 
Water quality parameters are shown in Table I and include values for stable isotopes of 
the water molecule (δ18O & δD), water temperature, SC (μS/cm), alkalinity (mg/L as CaCO3), 
δ18O and δD and SC of groundwater and snow with the mean weighted averages of precipitation 
inputs taken from Butte (Gammons et al. 2006). Sites in the table are ordered upstream to 
downstream.  All field parameters collected are in Appendix A. 
Median SC values generally increase downstream. In addition, groundwater has a higher 
SC than values in the river (Table I). Precipitation is assumed to have low SC and for data where 
SC was not measured NADP (National Atmospheric Deposition Program; 
http://nadp.sws.uiuc.edu/) indicates that SC values for water for the water years on record are 
less than 5μS/cm. SC values for snow are slightly higher than anticipated, but the snow samples 
do not represent freshly fallen snow (Appendix H).  
Alkalinity values show less consistent trends then anticipated (Table I; Appendix D). 
Median alkalinity is lowest at High Ore, probably due to the mixing of the waters from High Ore 
Creek which has been the focus of substantial remediation work. Alkalinity in the Upper Boulder 
River is highly variable with a range between 9mg/L around snowmelt and 74 mg/L around 
baseflow. Generally the alkalinity of the river is near 40mg/L in an average water year with a 
standard deviation of 14-20mg/L depending on the site. The data for alkalinity is significantly 
more variable compared to other parameters measured.   
  
15 
 
For stable isotopes (δ18O and δD) of surface water, the range is between -130 and -145 
(δD) and -16.4 and -19.5 (δ18O) over the period of the water record (Table I). Values tend to fall 
in a cyclic pattern that is consistent over multiple water years, though values tend to change. The 
range of precipitation values for Butte, which represent the majority of the precipitation record 
available, ranges from -38 to -216 δD and -3.2 to -28.5 δ18O for the year. All groundwater and 
surface water samples have an isotopic composition that is a mix between rain and snow.  
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Table I: Summary table of isotopes, alkalinity, and water quality parameters. Surface water, groundwater, 
and snow data are from field data collected from project. Precipitation data values are from Gammons et al. 
2006. Order for surface water sites is upstream to downstream. 
Surface Water 
Bernice  Temp SC Alk δD δ18O 
  Max 23.6 154 74 -133 -16.7 
Min 0.04 61 13 -143 -19.5 
Med 11.5 133.8 43 -138 -17.9 
Avg 10.7 117.98 45.0 -138 -18.0 
SD 7.1 32.56 26.5 2.7 0.8 
n 32 32 26 30 30 
High Ore  Temp SC Alk δD δ18O 
  Max 20.3 247 68 -130 -16.4 
Min -0.1 64 12 -145 -19.2 
Med 7.4 151.5 37 -139 -18.0 
Avg 8.8 133.79 37.2 -139 -18.0 
SD 6.8 43.47 14.2 3 0.7 
n 37 40 32 39 39 
USGS   Temp SC Alk δD δ18O 
  Max 21.7 234 74 -130 -16.4 
Min -0.3 68 9 -145 -18.7 
Med 8.55 166 51.8 -140 -17.9 
Avg 9.6 146.8 47.5 -139 -17.9 
SD 7.0 44.9 17.0 3 0.5 
n 41 43 33.0 40 40 
Groundwater Date SC Alk δD δ18O 
  53488 8/6/2013 413 N.M. -140 -18.3 
163982  9/2014 336 N.M. -145 -16.8 
265184 8/7/2013 254 N.M. -139 -18.2 
266999 8/9/2013 370 N.M. -148 -19.3 
n 4         
Snow   Date SC Alk δD δ18O 
  BR-Bernice-Snow 3/8/2014 5 N.M. -168 -22.2 
BR-Mid-Snow 3/8/2014 8 N.M. -178 -23.6 
BR-USGS-Snow 3/8/2014 3 N.M. -194 -25.5 
n 3         
Precipitation (Weighted Avg) δD δ18O 
  Max -38 -3.2 
Min -216 -28.5 
Avg (weighted) -118 -15.3 
Median -119 -15.1 
SD 43.73 5.93 
Number 44 44 
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Figure 5: Isotope samples plotted against meteoric water line 
 
When plotting all collected isotope samples against the meteoric water line, we see that 
the majority of water samples have a grouping around the water line with the aforementioned 
ranges.  The two water lines plotted in Figure 5 are Craig’s Meteoric Water Line (CMWL) 
(Clark and Fritz 1997) and the local Butte Meteoric Water Line (BMWL) established by 
Gammons et al. (2006).  
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5.1. River Specific Conductivity  
Flow upstream to downstream was checked using a gaging station established at I-15 
Bridge (Bobst et al., in review). For the purpose of this investigation, the flow at an upper gaging 
station was effectively the same as the flow monitored downstream at the USGS Gaging Station 
despite the existence of an irrigation diversion. The same flow was used for all sites.  
 Specific conductivity measured in (μS/cm) never measured in excess of 250 μS/cm, and 
never measured below 50 μS/cm despite flow rates changing nearly two orders of magnitude. Sc 
increases roughly 30-50 μS/cm in the Boulder River between Bernice and the USGS Gaging 
Station. Specific conductivity with flow is included in Figure 6. 
 
 
Figure 6: SC vs Flow USGS Gage Station.   
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SC of groundwater is variable with a range between 172μS/cm and 2,110μS/cm with high 
values usually correlating to past mining activity (Caldwell et al. 2013). There are some 
anomalously high values (Figure 7); however, the majority of groundwater samples have a range 
between 170μS/cm and 600μS/cm. Separating the SC values by drainages that feed the Upper 
Boulder River and drainages that would enter the river further downstream, the final range of 
groundwater for the Upper Boulder River is 172 μS/cm to 571 μS/cm. Rain and snow samples 
have a determined SC of about 5μS/cm (NADP, MT07; Appendix F & H).  
20 
 
 
Figure 7: SC Values for groundwater wells sampled by the USGS (Caldwell et al., 2013) 
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5.2. Spatial and Temporal Variations in Isotopes 
Plotted in Figure 8 are the spatial and temporal variations of δD, δ18O, and SC (μS/cm) 
for the study area over the monitored record plotted with river flow. The record in the figure is 
from 4/29/2011 through 3/11/2013. The first year on record, 2011, had slightly more snowpack 
than the second year of record. In 2011, the snowpack melted much more quickly than it did in 
the second year of record. River flow during peak snowmelt was nearly 90,000 L/s (3100 cfs) in 
2011 and nearly 30,000 L/s (1100cfs) at peak flow in 2012. Baseflow using mean monthly flows 
is about 850 L/s (30cfs).  Flows during 2013 and 2014 are similar to flows in 2012. 
The conductivity of the river can be observed to be between 50 and 250 (μS/cm), 
50μS/cm at snowmelt and 200μS/cm at baseflow. At low flow, the SC does not tend to change as 
much. SC also increases with distance downstream. Missing measurements are because the river 
was frozen at the time of sampling. Baseflow is the period of time generally between the middle 
of August to the middle of April. In 2012 some snowmelt occurred earlier than normal and the 
period of snowmelt was slightly longer than normal. δ18O and δD tend to be isotopically depleted 
in snowmelt and isotopically enriched in late August. During baseflow in the winter, the water is 
isotopically light. For the first wet year of monitoring, (2011) river isotopes have substantial 
spread upstream to downstream. In 2012, 2013, and 2014, this spread is reduced substantially 
and upstream isotopes seem to resemble downstream isotopes.   
22 
 
 
 
 
 
Figure 8: Comparison of δD, δ18O, SC (μS/cm) (surface water), and Flow Monitored at the USGS Gaging 
Station near Boulder, Montana. 
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5.3. Precipitation Inputs 
In the Upper Boulder River catchment, Rocker Peak is the only SNOTEL site located in 
the study area. Two SNOTEL sites, located at Tizer Basin and Frohner Meadow are located 
respectively north of the study area, and in the mountains northeast of Boulder, Montana (Figure 
1). They are in different hydrologic catchments, but show visually the distribution of 
precipitation in the study area from east to west. Generally, there is more precipitation to the 
west of Boulder than there is east of Boulder. Total precipitation in the mountains varied 
between 737mm (29 in) and 836mm (32.9in) at Rocker Peak for the water years shown in Table 
II. The total range (highest values to lowest values for multiple SNOTEL sites) of precipitation 
for water years was between 33mm (1.29in) and 310mm (12.20in) over the period of study. 
Though there was precipitation on the valley floor, there was much less than in the mountains. 
Table II: Breakdown of precipitation source waters for Rocker Peak, Tizer Basin, and Frohner Meadow 
SNOTEL Sites in the Upper Boulder River Drainage. Values for Snow are as snow water equivalent (SWE) 
Water Year Breakdowns Rocker Peak; Elevation 2438m   
Year Amount as Snow (mm) (SWE) Total Precipitation (mm) Percent as Snow Percent as Rain  
2011 627 846 74% 26% 
2012 444 734 60% 39% 
2013 368 737 50% 50% 
2014 622 861 72% 28% 
Water Year Breakdowns Tizer Basin; Elevation 2097m   
Year Amount as Snow (mm) (SWE) Total Precipitation (mm) Percent as Snow Percent as Rain  
2011 376 706 53% 47% 
2012 257 632 40% 59% 
2013 190 658 29% 71% 
2014 371 754 49% 51% 
Water Year Breakdowns Frohner Meadow; Elevation 1975 m   
Year Amount as Snow (mm) (SWE) Total Precipitation (mm) Percent as Snow Percent as Rain  
2011 272 706 39% 61% 
2012 257 574 45% 55% 
2013 165 658 25% 75% 
2014 351 765 46% 54% 
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Shown in Figure 9 is the collected data from the SNOTEL Site at Rocker Peak. The lines 
shown in the data are accumulated precipitation, snow water equivalent (SWE) accumulation, 
median precipitation accumulation (1981-2000), and median SWE (1981-2000). Precipitation 
falling in the valleys is substantially more variable over the study area period than precipitation 
that fell in the mountains 
 
 
Figure 9: SNOTEL Dataset for Rocker Peak over the water years where sampling took place.  
 
Also plotted with the SNOTEL data in Figure 9 is the month-by-month precipitation 
addition and type for the water years and the precipitation type for each month. Negative values 
plotted for snow indicate the SWE of snow that melted in a precipitation event. Values for rain 
and snow were calculated by taking the amount of precipitation accumulation between the first 
and last day of the month, and the amount of snow accumulation between the first and last day of 
the month as snow water equivalent (SWE). The difference between these two is considered 
“rain.” Rain and snow occurs from April until late September, rain and snow from October until 
November, and snow from December to March in general. In a few instances the SWE increase 
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was greater than the total amount of precipitation that fell on the sites, perhaps as an artifact of 
the data collection methods used. In these instances it was assumed that all precipitation occurred 
as snow during that time period. These data are provided for the three SNOTEL sites in, or 
around, the study area. For the remaining datasets with the same plots, refer to Appendix G. 
Figure 11 shows snow accumulation of the study site for each drainage, based on the average 
precipitation by month for the year 2011. This information was sourced from the PRISM dataset. 
Note that the majority of precipitation occurs in catchments north of the Boulder River from 
Bernice. 
Precipitation in the valley cannot be adequately compared to river flows because there is 
little precipitation on the valley floor. The precipitation record for the weather station in Boulder, 
Montana is shown in Figure 10. In 2011 and 2012 precipitation was fairly low; in 2013 and 2014 
precipitation was less than half what occurred at higher elevations. For the two water years 
where isotopes were sampled, the valley floor was dry. The percent occurrence of precipitation 
of rain and snow, shown in Table II, was calculated by taking the total amount of snow 
accumulation (mm snow water equivalent) divided by the total amount (mm) of precipitation.,  
 
  
Figure 10: Precipitation Accumulation (mm) from the weather station in Boulder, Montana. WY stands 
for water year. 
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Figure 11: Average precipitation by drainage and area in the year 2011 for the months of October, 
November, December, January, February, and March. Values on the map are in mm (PRISM). 
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Figure 12 shows the relationship between precipitation events and river flow. The flow 
data for the USGS Gage Station is an hourly flow dataset, and precipitation data is the total 
precipitation over a 24-hour period. When the data is plotted on a log scale, a rain event in the 
mountains causes a change in river flow. Flow also correlates somewhat to temperature during 
winter months, with abnormally warm days corresponding to increases in river flow. There is 
some delay between large precipitation events and changes in river flow.  
 
 
Figure 12: Relationship between river flow and precipitation events at the USGS Gaging Station. Flow is in 
L/s, Precipitation is in mm and is taken from SNOTEL Data on Rocker Peak.  
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5.4. Water Chemistry 
Anions taken in the Upper Boulder River have about one year (10 months) of sample 
record that was analyzed. Concentrations of F, Cl, and SO4 peak in the late summer and remain 
constant until snowmelt. Figure 13 indicates that anion concentration is linked to river flow. The 
analytes shown do not contain NO3 because the samples were not preserved for nitrate. Values 
that were recorded in the dataset were generally low. In general, anion concentrations decrease 
during snowmelt and increase during baseflow.  Alkalinity values show the same trend with 
more variability during baseflow (Appendix D). 
Concentrations of cations tended to also follow similar trends as anions, with 
concentration peaking in the late summer and becoming lower during peak snowmelt (Figure 14 
and 15). Potassium is generally lower upstream, but appears to have concentrations that are more 
variable. Silica concentrations are higher upstream than downstream, which is possibly related to 
changes in source waters entering the river.  
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Figure 13: Major Anion Concentrations in river water. Data represents almost a complete water year with 
last two months of data not analyzed. Nitrate was not included. Sampling dates are from 5/21/2011 through 
2/21/2012 (Appendix B). 
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Figure 14: Major Cations in river water over water record for sodium (Na), potassium (K), silica (Si). 
Sampling dates are from 5/21/2011 through 9/5/2013 (Appendix C). 
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Figure 15: Major Cations in river water over water record for calcium (Ca) and magnesium (Mg). 
Sampling dates are from 5/21/2011 through 9/5/2013 (Appendix C). 
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5.5. Stable Isotopes 
All groundwater, surface water, and snow samples collected as part of this study are 
shown on Figure 16 and are plotted with the mean weighted average (MWA) of rain and snow 
for Butte Montana (Gammons et al., 2006). Most of the data falls between the mean weighted 
average of rain and snow. From this, it can be inferred that most samples (groundwater and 
surface water) are a mixture of rain and snow. On the plot, we see that the MWA of snow plots 
isotopically heavier for δD and δ18O than the snow samples taken. Since snow events fall in a 
range, individual snow samples may be lighter than the average snow. The single groundwater 
well that plots substantially off of the meteoric water line is well 163982 in Basin, Montana 
located above the valley fill of the Boulder River. Well 163982 may represent a possible 
groundwater endmember. The two lines on the plot are (Blue) Craig’s Meteoric Water Line 
(CMWL) and (Black) the Butte Meteoric Water Line (BMWL) (Clark & Fritz 1997; Gammons 
et al., 2006). Rain plots isotopically much heavier than the surface water samples in the river. 
The orange data point represents the average isotopic composition of the groundwater samples 
taken for the study.  
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Figure 16: All site data plotted against the meteoric water line to include groundwater, average 
groundwater (Avg GW), snow, MWA Snow, MWA rain, and all river samples.   
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6. Endmember Identification and Mixing Process 
The fluctuations in the major ion chemistry and isotopes (δD and δ18O) suggest unique 
source waters mixing in the catchment. In a river system, the total flow is a combination of the 
mixture of source waters (Joerin et al., 2002). Plotting the isotopic composition of the river water 
(δD and δ18O) against its SC, we are able to see the data falls into three distinctive groups. Group 
1 consists of surface water samples collected in April, May, and June, when flows are high. 
Group 1 generally has lower SC (60-85 μS/cm) and isotopic composition (δD;-143 to -138, and 
δ18O;-19 to -17.3). Water samples in Group 2 were collected between August and October and 
are characterized by higher SC and are isotopically heavy. Group 3 samples were collected 
between December and March, and they are characterized by higher SC and are isotopically 
lighter. During the month of November samples may plot in either Group 2 or Group 3 and 
during the month of July samples will consistently plot between Group 1 and Group 2.   
While there is some overlap between Groups 2&3, there is a sharp and distinct isotopic 
and chemical signature for Group 1 with no mixing between Group 1 and Groups 2&3 (Figures 
17 and 18). A transition in the isotopic composition of the river likely takes place in the month of 
July. Group 2 samples also tend to have slightly lower SC than Group 3 samples. 
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Figure 17: δD plotted against SC for all samples collected 
 
 
 
Figure 18: δ18O plotted against SC for all samples collected 
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While both groundwater and surface water show a meteoric source and a mixture of both 
weighted mean rain and snow (Figure 16), it is also common for mountain rivers to be comprised 
of some mixture of groundwater. The decreased flow rates after peak snowmelt and the increased 
ion concentrations and SC during the low flow period is often controlled by substantial amounts 
of subsurface flow paths (Liu et al., 2004; Tague and Grant, 2009; Frisbee et al., 2011; Shaw et 
al., 2014). Thus it is assumed that the Boulder River water is generated by at least three 
endmembers; namely, rain, snow, and groundwater.  
Gammons et al. (2006) show that precipitation in Butte falls along a meteoric water line 
with a noticeable spread in the data. Snow is generally isotopically depleted relative to rain 
(Clark and Fritz, 1997). In order to quantify a unique snow or rain endmember in our site the 
mean weighted average of rain and snow values were calculated and used as endmembers for the 
catchment. The values of endmembers are listed in Table III. It should be noted that these values 
were collected nearly ten years ago from locations near Butte, which is in an adjacent catchment. 
Actual values for rain and snow in the study area during the study area period are undoubtedly 
different than these; however, they are expected to be similar. The three snow samples collected 
in the Boulder River catchment also plot along the Butte Meteoric Water Line and have similar 
isotopic values as the mean snow values. We assume the same would be true for rain.  
Groundwater is assumed to be another endmember mixing in the catchment. To 
characterize this endmembers’ chemistry, we averaged the four groundwater samples collected in 
the catchment. For SC, the value of 345 was selected as a reasonable estimate of groundwater SC 
from the wells that we sampled and is near the average groundwater SC for wells in the upper 
catchment of 360 from the USGS (Figure 7).  
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Table III: Endmembers 
 SC(μS/cm) δ18O(‰) δD(‰) 
Snow MWA 5  -22.1 -170.5 
Rain MWA 5 -14.5 -112 
Groundwater (Averaged) 345 -18.1 -143 
 
When the SC and δ18O or δD of surface water are plotted relative to the three 
endmembers described in Table III, the endmembers form a triangle with all surface water 
samples plotting within the triangle (Figures 19 and 20). While there could be several 
endmembers mixing, this diagram suggests that rain, snow, and groundwater mixing can explain 
the observed chemistry in this catchment and thereby explain, in part, streamflow generation. 
There are systematic and seasonal changes occurring within river samples suggesting that the 
endmember compositions vary seasonally (Figures 17-20). Even when the river samples trend 
towards the corners of the triangle, there is significant space between the most extreme river 
samples and the endmembers. The separation from the edges of the triangle and the samples 
indicates that all river samples regardless of timing and location comprise of some mixture of all 
three endmembers. Rarely do the river samples even plot along or near the lines of the triangle, 
suggesting that all three endmembers also contribute to streamflow generation throughout the 
year.  
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Figure 19: All surface water samples plotted with δD and SC with the groundwater endmembers plotted.  
 
 
 
Figure 20: All surface water plotted with δ18O and SC with groundwater, snow, and rain endmembers plotted 
on the chart.  
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While this endmember mixing analysis considers mixing between rain, snow, and 
groundwater, there are almost certainly more than just these three water types (Joerin et al. 
2002). Among these source waters, soil throughflow, temporarily saturated vadose water 
sometimes referred to as lateral subsurface flow, and different groundwater source waters are 
obvious endmembers that may also be mixing within the aquifer. 
Soil throughflow, or lateral subsurface flow, is commonly an important endmember 
contributing to streamflow generation (Liu et al., 2004; Liu et al., 2008). Part of the reason it was 
not identified is because no accessible sources of lateral subsurface flow or soil throughflow 
were obviously available to sample. However, soil water would likely be present in the system as 
a mixture of rain and snow with an SC that would change with the amount of time the water is in 
the system. A longer residence time would result in a water with higher SC. Lateral throughflow 
would likely occupy the highlighted region shown in (Figures 21 and 22). It is likely that the 
isotopic composition of this water would also reflect recently infiltrated or recharged rain and 
snow throughout the year (Liu et al., 2004). It is common for the major ion chemistry or SC of 
very shallow soil water or near surface flow to increase from interaction with weathering 
products and chemical constituents stored in the previously unsaturated soil (Frisbee, et al., 2011; 
Shaw et al., 2014). Because of this, it is likely that a significant amount of the rain and snow 
endmembers we identify are not from direct snow or rain mixing with the river or even rapid 
overland flow. Instead, the rain and snow likely recharges the shallow soil overlying the hills and 
mountains of this study and later flows to the river. Most of this water would be “new” (<1 yr 
old) and more likely having less than one or two months of subsurface transport time (Liu et al., 
2004; Liu et al., 2008). Furthermore, this water would likely be very near ground surface.  
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Figure 21: δD model with lateral throughflow 
 
 
 
Figure 22: δ18O model with lateral throughflow 
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If lateral subsurface flow really is significantly mixing with the Boulder River, and if the 
SC were increased, this would change some of the mixing dynamics we calculated. Most 
notably, this would result in lower total groundwater mixing fraction during snowmelt. 
Groundwater quality estimates were greatly simplified. There are likely multiple 
groundwater sources that contribute water to the river, but we could not differentiate between 
groundwater flowing through the floodplain or river channel alluvium, bedrock groundwater, or 
other deep sources of groundwater based on major ions and stable isotopes of the water 
molecule. Instead, all groundwater sources were combined as one endmember. 
Using equations 6-8 in a mixing analysis with the three endmembers, the endmember 
fractions can be quantified for each Boulder River sample. For the mixing analysis, endmember 
compositions described in Table III were assumed. The change in endmember fractions can be 
plotted relative to time (Figures 23 and 24). The observed temporal variations of endmember 
contributions are somewhat systematic and seasonal and suggest that the endmember fractions 
are controlled by hydrologic and physical processes occurring within the catchment. The 
groundwater fraction is lowest during snowmelt and highest during baseflow. However, the total 
contribution of groundwater during snowmelt is roughly 20% of total contribution is still 
significant, suggesting high groundwater storage even in the upper portions of the catchment. In 
addition, even though some catchments are primarily fed by groundwater during baseflow, the 
total contribution of groundwater during baseflow is only around 50% of total flow, suggesting 
that precipitation still provides a significant contribution to total flow. Figure 9 shows that 
precipitation at high elevations indeed occurs throughout the entire year allowing precipitation to 
contribute to streamflow generation over the entire year.   
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The calculated source fractions for the three sites are ordered from upstream to 
downstream and they are shown in Figures 23 and 24. Several important trends are observed in 
each of the three plots of the endmembers. The fraction of total groundwater always increases in 
importance as one moves from upstream to downstream in the catchment.   
Depending on whether δ18O or δD are used, the timing and fractions of rain and snow in 
the catchment vary. Using δD rain appears to be more dominant than snow during the snowmelt 
season; whereas snow is slightly more dominant when δ18O is used. Intuitively it makes sense 
that snow would be more dominant during snowmelt, but the calculated fractions suggest that 
both are important. During May and June, there is significant rain occurring at the same time as 
snowmelt (Figures 9). Based on the amount of incoming rain during the snowmelt season it may 
be reasonable to assume that rain provides a significant amount of source water contribution to 
the river. 
Based on the above results, the isotopic data used in the endmember mixing analysis 
resulted in somewhat different endmember contributions. The differences in the models suggest 
that the estimated fractions can be used as a guide to suggest reasonable endmember fractions, or 
ranges of endmember fractions, that might be mixing during certain periods of time; however, 
the calculated endmember fractions have some error associated with them. One major finding is 
that all three endmembers seem to contribute a significant amount of total flow to the Boulder 
River all year long.  Multiplying the fractions of flow by the total flow at the USGS Gaging 
Station, the following trends are also observed from the two mixing models (Figures 25 and 26). 
Snowmelt is again shown as the dominant endmember in the early spring, along with substantial 
groundwater contribution. Snowmelt as a contributor to water flow is observed in the following 
EMMA separations in addition to the contribution of rain.  
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Figure 23: Endmember mixing model using δD 
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Figure 24: Endmember mixing model using δ18O 
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Figure 25: Hydrograph separation using δD 
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 Figure 26: Hydrograph separation using δ18O 
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With all groundwater flow to the river combined, we estimate that groundwater is 
significant and consistently represents between 20% and 60% of total river flow. Even the high 
amount of groundwater flow and the large increase in total groundwater flow to the river during 
snowmelt is important and has been observed in other mountain catchments. Liu et al. (2004) 
and Liu et al. (2008) quantify significant amounts of groundwater contributions to streamflow 
during snowmelt in a high elevation headwater catchment in Rocky Mountain National Park and 
in a headwater catchment in Valles Caldera, New Mexico respectively. Whereas, Shaw et al. 
(2014) show that the relative contribution of groundwater to total streamflow in Yosemite 
National Park is nearly insignificant during peak snowmelt; however, total groundwater flow 
increases one order of magnitude during snowmelt in Yosemite National Park. This shows that 
groundwater flow to rivers is directly a function of the subsurface geology underlying the 
catchment.  
Subsurface geology from drill cores indicate that rock fractures are open within 1.5m 
(5ft) of the surface and become very tight at depths greater than 15m (50ft) (McDougal et al., 
2004) from the surface. Most groundwater flow is probably taking place primarily within the 
first 15m (50ft) of the surface as this is where the majority of fractures are located. Though 
porous, the flow pathways are likely not deep, and probably represent local flow paths (Toth, 
1963). 
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7. Conclusions 
Groundwater and surface water interactions in the Upper Boulder River are more 
complex than initially understood. It is apparent is that groundwater, rain, and snow are all major 
contributors to total streamflow generation in the Boulder River throughout the year. Our 
investigation is limited because of the likely absence of an important endmember influencing the 
isotopic composition of the water. Soil water is likely a major endmember that is missing in this 
investigation.  Based on the amounts of rain and snow that mix in the catchment, the large rain 
and snow contributions should be expected. The high groundwater fraction to flow suggests the 
river basin has high storage capacity, meaning that there is much groundwater present in 
fractures in the subsurface.  
This research has allowed the development of a baseline understanding of groundwater 
and surface water over multiple water years and placed a quantity on the relative proportions of 
source waters. In addition to establishing a baseline understanding, we were able to make 
repeatable observations and add to the knowledge base for the Upper Boulder River catchment. 
Logical next steps for studying this area are to install soil lysimeters and sample and 
characterize the chemical fingerprint of soil water. In addition, searching for temporary seeps 
and springs discharging near the river could also provide adequate chemistry of lateral 
subsurface flow. This could then be used in a secondary mixing analysis to characterize their 
contributions to total flow. Groundwater age dating may also provide insight as to the residence 
time of groundwater mixing with the river system. Older groundwater would suggest deeper 
groundwater, while very young water ages may reflect shallow subsurface flows dominating. If 
deep groundwater was suspected of mixing with the catchment, then other isotopic 
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measurements more reflective of the geochemistry of deep groundwater (based on local geology) 
could be used.  
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Appendix A: Field Parameters and Isotopes 
Table IV: Bernice field parameters and isotopes (δD and δ18O) 
Bernice Time SC Temp °C Alkalinity 
(mg/L) 
δD (‰) δ18O (‰) 
5/21/2011 15:30 74.6 7.28  -139 -19.0 
6/4/2011 11:30 73.4 8.49 31 -138 -18.1 
6/18/2011 15:40 72.6 12.03 25 -139 -18.5 
7/2/2011 14:30 67.6 16.08 50 -140 -18.6 
7/29/2011 14:25 126 18.5 56 -137 -18.1 
8/14/2011 14:55 138 19.7 58 -138 -17.9 
9/9/2011 15:50 136.6 18.06 55 -134 -17.2 
9/24/2011 13:10 150 12.9 61 -138 -18.9 
10/10/2011 13:50 148 9 74 -136 -18.7 
10/24/2011 4:58 143 6.9 145? -134 -18.7 
11/5/2011 15:15 145 0.4   -138 -18.6 
12/4/2011 15:30 150 0.04 37 -135 -19.1 
12/17/2011 14:35 148 0.7   -139 -19.5 
1/22/2012 16:10 151 0.06  -141 -19.2 
1/22/2012 River Frozen     
2/5/2012 River Frozen     
2/20/2012 River Frozen     
3/3/2012 River Frozen     
4/1/2012 18:00 112 4.7  -142 -17.9 
4/23/2012 14:50 83 11 13 -141 -17.8 
5/25/2012 14:00 61 4.1 27 -142 -18.1 
6/8/2012 13:10 63 11.1 27 -141 -17.9 
7/18/2012 17:20 122 21.04 62.5 -135 -16.8 
8/26/2012 15:22 146 18.5 47.5 -137 -16.9 
9/15/2012 13:45 143 12.7 53 -140 -17.1 
11/17/2012 14:45 148 1.3 43 -142 -17.8 
3/16/2013 NA 138 0.1 16 -143 -17.9 
5/10/2013 14:35 74 11.9 24 -139 -17.9 
6/30/2013 15:50 108 23.6 33.5 -136 -17.4 
7/15/2013 12:45 125 19.1 33   
8/2/2013 11:45 134 15.9 53 -133 -16.7 
9/5/2013 9:40 154 14.7 20 -135 -16.9 
10/17/2013 15:40 142 4.3    
11/22/2014 River Frozen     
1/20/2014 River Frozen     
3/8/2014 River Frozen     
5/3/2014 13:40 88 6.3 43 -141 -17.8 
6/21/2014 15:00 77 16.1 19 -138 -17.6 
9/2/2014 14:50 133.6 16.4 64 -137 -17.2 
11/21/2014 River Frozen     
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Table V: High Ore field parameters and isotopes (δD and δ18O) 
High Ore Time SC 
(μS/cm) 
Temp °C Alkalinity 
(mg/L) 
δD (‰) δ18O (‰) 
5/21/2011 15:00 65.8 6.04  -142 -19.0 
6/4/2011 11:00 74.7 5.63  -140 -18.7 
6/18/2011 14:30 65.3 9.75 21 -140 -19.1 
7/2/2011 13:25 67.60 6.14 30 -141 -19.0 
7/29/2011 13:36 133 16.6 46 -137 -18.4 
8/14/2011 14:15 151 18.7 52 -136 -18.0 
9/9/2011 15:50 154.7 16.85 56 -136 -18.0 
9/24/2011 12:32 171 12.4 62 -136 -17.9 
10/1/2011 13:10   61 -135 -18.7 
10/10/2011 11:15 156 7.4 45 -135 -18.0 
10/24/2011 15:36 157 6.9 43 -134 -18.3 
11/5/2011 12:05 157 0 33 -139 -18.0 
12/4/2011 14:50 167 0.02   -141 -18.9 
12/17/2011 13:50 163 0.02 40 -139 -19.2 
1/22/2012 15:35 165 0.5   -140 -18.2 
2/5/2012 15:45 168   -139 -18.4 
2/20/2012 16:15 163   -141 -18.6 
3/3/2012 10:30 164  34 -145 -18.2 
4/1/2012 18:30 119 5.1  -139 -17.4 
4/23/2012 15:25 76 10.5  -141 -17.9 
5/25/2012 13:15 64 4.6 13 -142 -18.0 
6/8/2012 18:50 66 10.1 12 -140 -17.8 
6/25/2012 12:10 94 20.3 28 -140 -17.5 
7/18/2012 15:40 131 19.6 24 -130 -16.4 
8/26/2012 15:30 172 16.9 32.5 -137 -17.1 
9/15/2012 12:20 173 12.2 68 -138 -16.9 
11/3/2012 14:50 157 4.1 51 -140 -17.6 
11/17/2012 14:05 157 1 44 -142 -17.8 
2/7/2013 9:30 169 0   -144 -18.1 
3/16/2013 11:30 152 -0.1 28 -143 -17.9 
5/10/2013 14:00 64 8.4 23 -142 -18.2 
6/30/2013 15:10 102 19.7 41 -136 -17.5 
7/15/2013 12:00 136 18.1 29 -135 -17.0 
8/2/2013 11:05 136 15.1 29 -134 -17.2 
9/5/2013 9:00 177 12.22 37 -135 -16.9 
10/17/2013 15:00 145 4.3 22   
11/22/2013 16:10 247 0 37   
1/20/2014 frozen      
3/8/2014 frozen      
5/3/2014 13:28 87 5.5 40 -142 -18.0 
6/21/2014 16:15 80 13.9 16.5 -139 -17.9 
9/2/2014 14:10 141.4 15.4 52 -136 -17.3 
11/21/2014 10:10 163 -0.1 40 -139 -17.7 
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Table VI: USGS field parameters and isotopes (δD and δ18O) 
USGS Time SC 
(μS/cm) 
Temp °C Alkalinity 
(mg/L) 
δD (‰) δ18O (‰) 
5/21/2011 14:30 70.4 6.42  -141 -18.6 
6/4/2011 10:15 80.2 7.2  -141 -18.6 
6/18/2011 13:25 73.3 10.1 32.5 -141 -18.3 
7/2/2011 12:20 83.1 16.86 27 -141 -18.3 
7/29/2011 12:32 146 18.4 55 -138 -17.8 
8/14/2011 13:40 165 19.8 54.5 -137 -17.7 
9/9/2011 15:13 176.2 17.27 65 -137 -17.7 
9/24/2011 11:30 188 12.1 67 -137 -18.2 
10/10/2011 10:16 176 7.6 60 -136 -18.3 
10/24/2011 13:50 178 7.1 74 -136 -17.3 
11/5/2011 11:00 180 1.5 68 -138 -18.0 
12/4/2011 14:15 161 0.06   -139 -18.3 
12/17/2011 13:00 184 3.1 41 -140 -18.0 
1/22/2012 15:00 190 2.4   -140 -18.7 
2/5/2012 15:10 186   -142 -18.0 
2/20/2012 15:35 183   -141 -18.5 
3/3/2012 9:45 186 1.1 65.5 -145 -18.2 
4/1/2012 19:00 128 7  -139 -17.5 
4/23/2012 16:00 83 10.5  -142 -17.9 
5/25/2012 12:25 72 5.2 33 -142 -18.0 
6/8/2012 11:20 76 10.4 17 -140 -17.8 
6/25/2012 18:00 108 21.1 49 -140 -17.6 
7/18/2012 15:40 136 21.7 29 -130 -16.4 
8/26/2012 14:50 181 16.8 44 -138 -17.1 
9/15/2012 12:20 191 11.8 56 -139 -17.3 
11/3/2012 14:10 172 6 57 -141 -17.6 
11/17/2012 12:10 179 3.3 58 -142 -17.9 
1/17/2013 9:30 193 -0.3   -144 -18.2 
2/7/2013 8:30 187 -0.1   -143 -18.1 
3/16/2013 10:25 165 1.6 56 -143 -17.9 
5/10/2013 13:10 68 9.5 9 -140 -17.7 
6/30/2013 14:20 118 20.7 41   
7/15/2013 11:10 160 17.1 34   
8/2/2013 8:15 167 14.6 48 -132 -16.6 
9/5/2013 8:16 204 12.2 37 -136 -17.2 
10/17/2013 14:15 171 5.1 29 -136 -17.3 
11/22/2013 16:10 225 3 43   
1/20/2014 10:00 183 0.6 29 -140 -17.8 
3/8/2014 8:00 234 0.5 69 -144 -18.2 
5/3/2014 12:15 92 5.7 50 -142 -18.1 
6/21/2014 14:55 98 14.1 37 -139 -17.8 
9/2/2014 13:50 163.2 14.5 40 -137 -17.4 
11/21/2014 9:00 196 0.8 66 -140 -18.0 
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Appendix B: Anions 
Table VII: Bernice anions 
Bernice Analyte F Cl PO4-P SO4 
  (mg/L) (mg/L) (mg/L) (mg/L) 
 Detect Limit 0.0500 0.3 0.5 0.6 
Date Time  
5/21/2011 15:30 <0.05 0.82 <0.5 8.6 
6/4/2011 11:30 <0.05 0.73 <0.5 7.7 
6/18/2011 15:40 <0.05 0.62 <0.5 7.2 
7/2/2011 14:30 <0.05 0.49 <0.5 5.7 
7/29/2011 14:25 0.054 0.83 <0.5 9.8 
8/14/2011 14:55 0.058 0.97 <0.5 11.0 
9/9/2011 15:50 0.066 1.11 <0.5 12.3 
9/24/2011 13:10 0.093 2.78 0 10.8 
10/10/2011 13:50 0.108 2.85 0 10.5 
10/24/2011 4:58 0.090 2.75 0 11.0 
11/5/2011 15:15 0.086 2.71 0 11.7 
12/4/2011 15:30 0.093 2.79 0 12.3 
12/17/2011 14:35 0.088 2.75 0 12.4 
1/22/2012 16:10 0.088 2.80 0 12.4 
 
Table VIII: High Ore anions 
High Ore Analyte F Cl PO4-P SO4 
  (mg/L) (mg/L) (mg/L) (mg/L) 
 Detect Limit 0.0500 0.3 0.5 0.6 
Date Time  
5/21/2011 15:00 <0.05 0.95 <0.5 7.7 
6/4/2011 11:00 0.053 1.3 <0.5 7.1 
6/18/2011 14:30 <0.05 1.0 <0.5 7.2 
7/2/2011 13:25 <0.05 1.0 <0.5 7.0 
7/29/2011 13:36 0.072 2.4 <0.5 13.1 
8/14/2011 14:15 0.084 2.9 <0.5 15.5 
9/9/2011 15:50 0.089 3.3 <0.5 17.2 
9/24/2011 12:32 0.130 4.8 0 16.5 
10/1/2011 13:10 0.128 4.8 0 16.8 
10/10/2011 11:15 0.114 4.2 0 14.7 
10/24/2011 15:36 0.119 4.3 0 16.1 
11/5/2011 12:05 0.113 4.3 0 16.6 
12/4/2011 14:50 0.119 4.3 0 17.7 
12/17/2011 13:50 0.125 4.1 0 17.5 
1/22/2012 15:35 0.152 4.8 0 17.4 
2/5/2012 15:45 0.121 4.2 0 17.7 
2/20/2012 16:15 0.125 4.1 0 17.6 
 
59 
Table IX: USGS Gauging Station anions 
USGS Analyte F Cl PO4-P SO4 
  (mg/L) (mg/L) (mg/L) (mg/L) 
 Detect Limit 0.0500 0.3 0.5 0.6 
Date Time  
5/21/2011 14:30 <0.05 0.82 <0.5 8.6 
6/4/2011 10:15 <0.05 0.73 <0.5 7.7 
6/18/2011 13:25 <0.05 0.62 <0.5 7.2 
7/2/2011 12:20 <0.05 0.49 <0.5 5.7 
7/29/2011 12:32 0.054 0.83 <0.5 9.8 
8/14/2011 13:40 0.058 0.97 <0.5 11.0 
9/9/2011 15:13 0.066 1.1 <0.5 12.3 
9/24/2011 11:30 0.093 2.8 0 10.8 
10/10/2011 10:16 0.108 2.9 0 10.5 
10/24/2011 13:50 0.090 2.8 0 11.0 
11/5/2011 11:00 0.086 2.7 0 11.7 
12/4/2011 14:15 0.093 2.8 0 12.3 
12/17/2011 13:00 0.088 2.8 0 12.4 
1/22/2012 15:00 0.088 2.8 0 12.4 
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Appendix C: Cations 
Table X: Bernice cations 
Bernice  Ca K Mg Na Si 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
 Detect Limit 0.1 0.5 0.1 0.5 0.1 
Date Time  
5/21/2011 15:30 9.09 1.10 1.65 4.97 8.96 
6/4/2011 11:30 8.65 1.03 1.58 4.87 9.01 
6/18/2011 15:40 8.42 1.01 1.52 4.60 8.67 
7/2/2011 14:30 7.98 0.98 1.47 4.21 7.80 
7/29/2011 14:25 14.28 1.42 2.69 7.10 9.82 
8/14/2011 14:55 16.05 1.41 2.86 8.02 9.71 
9/9/2011 15:50 16.23 1.52 3.08 8.47 9.23 
9/24/2011 13:10 16.73 1.41 3.08 8.78 9.04 
10/10/2011 13:50 16.41 1.41 3.12 8.02 8.75 
10/24/2011 4:58 15.88 1.25 2.93 8.04 8.32 
11/5/2011 15:15 16.55 1.19 3.13 8.50 8.89 
12/4/2011 15:30 16.30 1.11 3.08 8.24 9.03 
12/17/2011 14:35 16.88 1.15 3.21 8.60 9.32 
1/22/2012 16:10 17.43 1.24 3.28 8.73 9.27 
1/22/2012 River Frozen     
2/5/2012 River Frozen     
2/20/2012 River Frozen     
3/3/2012 River Frozen     
4/1/2012 18:00 12.77 1.63 2.51 6.11 7.13 
4/23/2012 14:50 9.09 1.09 1.71 4.65 7.58 
5/25/2012 14:00 6.69 0.76 1.21 3.86 7.14 
6/8/2012 13:10 6.84 0.81 1.24 3.85 7.49 
7/18/2012 17:20 12.58 1.36 2.29 7.48 9.76 
8/26/2012 15:22 14.95 1.44 2.75 9.69 8.87 
9/15/2012 13:45 16.02 1.39 2.99 9.14 8.27 
11/17/2012 14:45 15.75 1.22 3.01 8.52 8.72 
3/16/2013 NA 15.12 2.04 2.88 8.30 8.11 
5/10/2013 14:35 8.32 1.03 1.54 4.62 7.32 
6/30/2013 15:50 11.49 1.36 2.17 7.04 9.47 
7/15/2013 12:45 13.52 1.53 2.58 8.19 9.53 
8/2/2013 11:45 13.94 1.71 2.62 9.08 9.12 
9/5/2013 9:40 16.71 1.68 3.19 9.69 8.13 
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Table XI: High Ore Cations 
High Ore  Ca K Mg Na Si 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
 Detect Limit 0.1 0.5 0.1 0.5 0.1 
Date Time      
5/21/2011 15:00 7.62 1.06 1.69 3.42 7.08 
6/4/2011 11:00 8.63 1.07 1.95 4.09 7.54 
6/18/2011 14:30 7.37 0.93 1.64 3.31 7.03 
7/2/2011 13:25 8.23 0.94 1.84 3.41 6.66 
7/29/2011 13:36 13.85 1.40 3.25 5.51 8.17 
8/14/2011 14:15 15.66 1.48 3.69 6.26 7.81 
9/9/2011 15:50 17.50 1.58 4.14 7.14 7.88 
9/24/2011 12:32 18.16 1.59 4.29 7.29 7.62 
10/1/2011 13:10 16.28 1.47 3.76 6.41 7.46 
10/10/2011 11:15 15.99 1.44 3.84 6.40 7.46 
10/24/2011 15:36 16.25 1.16 3.86 6.38 7.91 
11/5/2011 12:05 17.52 1.24 4.18 6.64 8.28 
12/4/2011 14:50 17.13 1.22 4.04 6.63 7.88 
12/17/2011 13:50 17.30 1.30 4.11 6.95 8.19 
1/22/2012 15:35 17.46 1.23 4.19 6.70 8.35 
2/5/2012 15:45 18.04 1.27 4.29 6.88 8.37 
2/20/2012 16:15 16.94 1.14 4.02 6.52 7.88 
3/3/2012 10:30 14.89 2.05 3.50 6.96 6.89 
4/1/2012 18:30 11.58 1.99 2.90 4.79 5.66 
4/23/2012 15:25 7.76 0.99 1.76 3.30 6.03 
5/25/2012 13:15 6.40 0.69 1.44 2.97 6.19 
6/8/2012 18:50 9.22 1.07 2.05 4.28 7.57 
6/25/2012 12:10 12.57 1.31 2.80 5.51 7.55 
7/18/2012 15:40 17.11 1.62 4.02 7.83 6.06 
8/26/2012 15:30 17.54 1.52 4.09 7.81 6.64 
9/15/2012 12:20 16.85 1.37 3.76 7.05 7.75 
11/3/2012 14:50 17.65 1.32 3.94 7.34 7.99 
11/17/2012 14:05 17.92 1.30 4.03 7.32 8.46 
2/7/2013 9:30 6.89 0.99 1.48 3.22 6.23 
3/16/2013 11:30 7.59 0.95 1.59 3.60 7.04 
5/10/2013 14:00 11.23 1.30 2.48 5.09 7.83 
6/30/2013 15:10 14.72 1.51 3.28 6.75 7.94 
7/15/2013 12:00 14.97 1.61 3.27 6.40 7.13 
8/2/2013 11:05 34.44 1.46 7.56 7.03 8.00 
9/5/2013 9:00 15.72 1.51 2.96 9.44 8.73 
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Table XII: USGS cations 
USGS  Ca K Mg Na Si 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
 Detect Limit 0.1 0.5 0.1 0.5 0.1 
Date Time      
5/21/2011 14:30 8.54 1.21 1.95 3.91 7.14 
6/4/2011 10:15 9.66 1.15 2.25 4.55 7.69 
6/18/2011 13:25 8.44 1.02 1.95 3.72 7.18 
7/2/2011 12:20 9.07 1.03 2.06 3.58 6.90 
7/29/2011 12:32 15.80 1.46 3.71 6.22 8.04 
8/14/2011 13:40 17.17 1.71 4.09 6.78 8.05 
9/9/2011 15:13 20.77 1.81 5.11 8.38 7.97 
9/24/2011 11:30 20.36 1.72 5.03 8.23 7.97 
10/10/2011 10:16 19.14 1.66 4.69 7.60 7.67 
10/24/2011 13:50 18.90 1.58 4.63 7.43 7.50 
11/5/2011 11:00 20.03 1.50 4.91 7.86 8.09 
12/4/2011 14:15 20.38 1.49 5.05 7.64 8.40 
12/17/2011 13:00 19.80 1.44 4.92 7.41 8.19 
1/22/2012 15:00 20.15 1.66 5.18 7.96 8.12 
2/5/2012 15:10 21.12 1.57 5.32 7.89 8.38 
2/20/2012 15:35 20.44 1.86 5.19 8.86 7.71 
3/3/2012 9:45 20.46 1.52 5.11 7.64 8.35 
4/1/2012 19:00 20.16 1.44 5.01 7.57 8.23 
4/23/2012 16:00 12.83 2.04 3.15 5.29 5.94 
5/25/2012 12:25 8.70 1.13 2.01 3.72 6.37 
6/8/2012 11:20 11.22 1.32 2.62 5.12 7.70 
6/25/2012 18:00 14.20 1.51 3.46 6.18 7.88 
7/18/2012 15:40 17.66 1.87 4.34 7.36 6.38 
8/26/2012 14:50 19.02 1.82 4.74 8.50 7.15 
9/15/2012 12:20 17.50 1.42 4.29 7.20 7.70 
11/3/2012 14:10 18.72 1.45 4.58 7.68 7.92 
11/17/2012 12:10 19.99 1.50 4.97 7.82 8.20 
1/17/2013 9:30 18.75 1.40 4.63 7.52 8.08 
2/7/2013 8:30 17.13 1.90 4.18 7.32 7.19 
3/16/2013 10:25 7.24 0.98 1.66 3.28 6.09 
5/10/2013 13:10 7.50 0.81 1.76 3.51 6.47 
6/30/2013 14:20 8.19 0.93 1.89 3.76 6.85 
7/15/2013 11:10 11.93 1.38 2.89 5.33 7.51 
8/2/2013 8:15 16.58 1.63 4.10 7.34 7.69 
9/5/2013 8:16 19.89 1.83 5.07 8.34 6.86 
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Appendix D: Alkalinity 
 
Figure 27: Alkalinity in the Upper Boulder River  
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Appendix E: Na-Cl ratios 
Plotting the record available for sodium (Na) against chloride (Cl) we observe that there 
is not a one to one ratio between sodium and chloride at Bernice. The ratio becomes closer to one 
to one downstream of Bernice. It is possible that chloride is entering the river between Bernice 
and High Ore from either road salts or the salt shack downstream of Bernice. However, even in 
baseflow there is no net addition of sodium to the river, indicating that the chloride added to the 
river is from a source other than road salts.  
 
  
Figure 28: Ratio Na-Cl for three surface water sites over the water year 
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Appendix F: Groundwater Chemistry Values 
Table XIII: Well 53488 groundwater chemistry 
53488 Well Anions/Cations, Alkalinity, Stable Isotopes   
Major Ion Results      
 (mg/L) (meq/L)  (mg/L) (meq/L) 
Calcium (Ca) 35.44 1.768 Bicarbonate (HCO3) 151.24 2.479 
Magnesium (Mg) 4.68 0.385 Carbonate (CO3) 0 0 
Sodium (Na) 43.49 1.892 Chloride (Cl) 44.81 1.264 
Potassium (K) 1.23 0.031 Sulfate (SO4) 21.52 0.448 
Iron (Fe) 0.032 J 0 Nitrate (as N) 0.64 0.046 
Manganese (Mn) <0.002 U 0 Fluoride (F) 0.24 0.013 
Silica (SiO2) 25.64  Orthophosphate (as P) 0.030 J 0 
Total Cations 4.082 Total Anions 4.249 
 
Alkalinity as CaCO3 (mg/L): 123.85  
Field pH: 6.79 
Field Conductivity (μS/cm) 413 
δ18O (‰) -18.3 
δD (‰) -140 
 
 
Table XIV: Well 163982 groundwater chemistry 
163982 Well Anions/Cations, Alkalinity, Stable Isotopes  
Major Ion Results      
 (mg/L) (meq/L)  (mg/L) (meq/L) 
Calcium (Ca) 34.5 1.722 Bicarbonate (HCO3) 146 2.391 
Magnesium (Mg) 11 0.905 Carbonate (CO3) 0 0 
Sodium (Na) 16.1 0.7 Chloride (Cl) 9.76 0.275 
Potassium (K) 2.48 0.063 Sulfate (SO4) 38.7 0.805 
Iron (Fe) 0.045 0.002 Nitrate (as N) 0.53 0.038 
Manganese (Mn) 0.013 0 Fluoride (F) 0.47 0.025 
Silica (SiO2) 15.5  Orthophosphate (as P) <0.05 0 
Total Cations 3.404 Total Anions 3.534 
 
Alkalinity as CaCO3 (mg/L): 119.8  
Field pH: 6.79 
Field Conductivity (μS/cm) 336 
δ18O (‰) -16.8 
δD (‰) -145 
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Table XV: Well 265184 groundwater chemistry 
265184 Well Anions/Cations, Alkalinity, Stable Isotopes  
Major Ion Results      
 (mg/L) (meq/L)  (mg/L) (meq/L) 
Calcium (Ca) 27.52 1.373 Bicarbonate (HCO3) 107.04 1.754 
Magnesium (Mg) 8.51 0.7 Carbonate (CO3) 0 0 
Sodium (Na) 11.29 0.491 Chloride (Cl) 7.7 0.217 
Potassium (K) 2.51 0.064 Sulfate (SO4) 29.3 0.61 
Iron (Fe) 0.649 0.023 Nitrate (as N) 1 0.071 
Manganese (Mn) 0.032 J 0 Fluoride (F) 0.18 0.009 
Silica (SiO2) 20.02  Orthophosphate (as P) <0.020 U 0 
Total Cations 2.66 Total Anions 2.663 
 
Alkalinity as CaCO3 (mg/L): 87.76  
Field pH: 6.94 
Field Conductivity (μS/cm) 267 
δ18O (‰) -18.2 
δD (‰) -139 
 
 
Table XVI: Well 266999 
266999 Well Anions/Cations, Alkalinity, Stable Isotopes  
Major Ion Results      
 (mg/L) (meq/L)  (mg/L) (meq/L) 
Calcium (Ca) 48.1 2.4 Bicarbonate (HCO3) 197.51 3.237 
Magnesium (Mg) 11.83 0.973 Carbonate (CO3) 0 0 
Sodium (Na) 8.33 0.362 Chloride (Cl) 2.25 0.063 
Potassium (K) 2.01 0.051 Sulfate (SO4) 28.94 0.603 
Iron (Fe) <0.015 U 0 Nitrate (as N) 0.17 0.012 
Manganese (Mn) <0.002 U 0 Fluoride (F) 0.14 0.007 
Silica (SiO2) 14.22  Orthophosphate (as P) <0.020 U 0 
Total Cations 3.794 Total Anions 3.923 
 
Alkalinity as CaCO3 (mg/L): 162.39  
Field pH: 7.55 
Field Conductivity (μS/cm) 370 
δ18O (‰) -19.3 
δD (‰) -148 
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Appendix G: SNOTEL Dataset Breakdown 
 
 
Figure 29: Snotel Dataset for Frohner Meadow over the water years where sampling took place. 
Accumulated snowmelt is sometimes in excess of accumulated precipitation for the dataset.  
 
 
Figure 30: Snotel Dataset for Tizer Basin over the water years where sampling took place. Accumulated 
snowmelt is sometimes in excess of accumulated precipitation for the dataset.  
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Appendix H: Precipitation Chemistry 
Table XVII: NADP Site MT07 precipitation information 2011-2013 
Site ID MT07    
Summary Period 2011 2012 2013 
 Ca  (mg/L) 0.085 0.272 0.154 
 Mg  (mg/L) 0.011 0.029 0.017 
 K  (mg/L) 0.016 0.029 0.020 
 Na  (mg/L) 0.025 0.059 0.023 
 NH4  (mg/L) 0.182 0.172 0.285 
 NO3  (mg/L) 0.401 0.501 0.553 
 Cl  (mg/L) 0.037 0.096 0.050 
 SO4  (mg/L) 0.249 0.255 0.320 
 Lab pH   5.430 5.450 5.670 
 Lab Cond.   uS/cm  3.960 5.190 4.630 
 Cation/Anion Ratio    1.610 2.010 1.680 
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Appendix I: Site Locations 
Table XVIII: Sampling site coordinates (Datum WGS84) 
Site Name Latitude Longitude 
1 Bernice Site-1 46.26028333 -112.3360917 
2 High Ore Site-2 46.24566944 -112.1737528 
3 USGS Site-3 43.21095556 -112.0915833 
 

